On the basis of the known cry gene sequences of Bacillus thuringiensis, three sets of primers were designed from four conserved blocks found in the delta-endotoxin-coding region. The primer pairs designed amplify the regions between blocks 1 and 5, 2 and 5, and 1 and 4. In silico analyses indicated that 100% of the known three-domain cry gene sequences can be amplified by these sets of primers. To test their ability to amplify known and unknown cry gene sequences, 27 strains from the CINVESTAV (LBIT series) collection showing atypical crystal morphology were selected. Their DNA was used as the template with the new primer system, and after a systematic amplification and sequencing of the amplicons, each strain showed one or more cry-related sequences, totaling 54 different sequences harbored by the 27 strains. Seven sequences were selected on the basis of their low level of identity to the known cry sequences, and once cloning and sequencing of the complete open reading frames were done, three new cry-type genes (primary ranks) were identified and the toxins that they encode were designated Cry57Aa1, Cry58Aa1, and Cry59Aa1 by the B. thuringiensis Toxin Nomenclature Committee. The rest of the seven sequences were classified Cry8Ka2, Cry8-like, Cry20Ba1, and Cry1Ma1 by the committee. The crystal morphology of the selected strains and analysis of the new Cry protein sequences showed interesting peculiarities.
Bacillus thuringiensis has been safely used for the control of insect pests within the orders Lepidoptera, Coleoptera, and Diptera for the last 50 years (19) . It is an aerobic, Grampositive bacterium whose insecticidal activity is based on the presence of parasporal crystalline inclusions formed during the sporulation process. These parasporal bodies or crystals are assembled by the so-called Cry proteins, expressed by the cry genes (21) .
B. thuringiensis shows great variability, as has been demonstrated by the huge number of strains isolated around the world (19) , by the number of serotypes known to date (a total of 84) (20) , and by the great number of different cry gene sequences accumulated so far (a total of 492) (8) , as well as by the number of molecular characterization tools that have been developed, such as sequencing of the flagellin gene and of the gyrB and aroE genes, the band patterns from repetitive extragenic palindromic-PCR analyses, and the plasmid patterns, among others (17, 18, 25, 27) , all indicating the great variability within this species.
In spite of this variability, some similarity has been found in the three-domain Cry proteins, evidenced by the presence of three conserved domains in the tertiary structure of the active toxin (delta-endotoxin), even from Cry toxins showing low levels of identity (i.e., the Cry1-type, Cry3-type, and Cry4-type toxins): one domain with a bundle of ␣ helices and two domains of ␤ sheets (3). This uniformity is, at least in part, a reflection of the five conserved blocks in the gene structure, which are present in almost all the cry genes (10) .
The great number of sequences known to date is mostly a result of the strong interest in finding novel Cry proteins, with the foci being on three main purposes: (i) the search for a new range of activities, (ii) the search for higher levels of toxicity, and (iii) the search for alternative toxins in case of resistance development. The search for novel Cry toxins has followed different strategies, such as (i) the development of DNA libraries and their expression in acrystalliferous mutants of B. thuringiensis (24) ; (ii) hybridization with degenerate oligonucleotides, partial sequences, or complete cry genes used as probes (5, 12) ; and (iii) PCR amplification of putative novel cry genes by using multiple primers (14) or a combination of general primers, followed either by restriction analysis (26) or by a second amplification using a mixture of general and specific primers (13) . These strategies have shown certain levels of efficiency in detecting new cry genes, but they also have some limitations. For example, the screening of a large library is time-consuming and requires a high level serendipity, and the use of Southern analysis with either degenerate or specific probes is limited to finding only sequences related to known cry genes. The amplification of putatively new cry genes by PCR has been widely used in a series of different strategies. However, most of them are limited to finding genes with sequences similar to those used in the primer design. Previous attempts to design universal primers used only nine cry types, which significantly limits the search for actual new genes. Besides, the new sequences described were limited to the amplicons and no new cry genes were reported (6) .
This report describes the design of a system of three sets of primers, based on conserved regions of the cry family, potentially able to amplify all the known three-domain cry genes. The use of this strategy with B. thuringiensis strains showing atypical crystal morphology allowed the identification of three new cry types and four more new cry holotypes.
MATERIALS AND METHODS

Primer system design.
A series of primers were designed with the main purpose of amplifying all the known cry gene sequences by PCR. The design was based on the sequences of the five conserved blocks reported as early as 1989 (11) , all within the delta-endotoxin-coding region of the so-called three-domain Cry proteins (the five conserved blocks are missing in some cry genes, which do not group out in the same dendrogram). The precise delimitation of the five blocks was made by alignment of the nine genes where these blocks were originally detected. Then, each block was located in the rest of the cry genes and consensus sequences were obtained from highly related genes, such as cry1-type genes. A total of 102 consensus sequences were aligned, and conserved regions within each block were identified. Four degenerate primers, 22 to 26 bases long, were designed after these regions in an attempt to cover as many cry sequences as possible, but they were limited to having no more than 5 wobble bases each (Table 1 ).
In total, three sets of primers were designed on the basis of the use of four primers: two forward primers from blocks 1 and 2 and two reverse primers from blocks 4 and 5. The first pair was designed to amplify the sequences between blocks 1 and 5. The second pair was designed to amplify the region between blocks 2 and 5, and the third pair amplifies the region between blocks 1 and 4 ( Table 1 ). The three sets of primers were designed progressively, as they were tested in silico, using the software Amplify (version 3.14; Bill Engels, University of Wisconsin, Madison, WI; http://engels.genetics.wisc.edu/amplify /index.html). Once the theoretical analysis showed that the three-pair system has the potential to amplify 100% of the known cry genes coding for the threedomain Cry proteins, the primers were tested with DNA extracted from standard strains (i.e., strains HD-1, IPS-82, and DMS-2803) as well as from uncharacterized strains; and the amplification conditions were optimized in terms of temperature, Mg concentration, and number of cycles (see below).
Strain selection. Once the amplification conditions were optimized, the ability of the new amplification system to identify known and unknown cry genes was tested. For the purpose of finding novel cry genes, the search was focused on 27 B. thuringiensis strains from the CINVESTAV B. thuringiensis (LBIT series) collection (16) showing atypical parasporal crystal morphology (Table 2) .
Amplification, cloning, and sequencing. Selected strains were subjected to plasmid-enriched DNA extraction by incubating the cells with lysozyme (20 mg/ml) in TE (50 mM Tris base, 10 mM EDTA, 20% sucrose, pH 7.5) at 37°C with shaking at 75 rpm for 2.5 h. Samples were then subjected to alkaline lysis (7) .
Amplifications were carried with the following reaction mixture: 2.5 l 10ϫ reaction buffer, 100 ng each primer, 100 ng DNA, 5 mM MgCl 2 , 0.4 mM deoxynucleoside triphosphates, 2.5 U Taq DNA polymerase (Invitrogen), and water to a final volume of 25 l. Amplification reactions were carried out in a GeneAmp PCR system 2400 apparatus (Perkin Elmer) under the following conditions: an initial denaturation of 5 min at 94°C, followed by 30 cycles of denaturation at 94°C for 1 min, annealing for 2 min, and polymerization at 72°C for 1.5 min for each cycle. Amplification finished with an extension step at 72°C for 7 min. The annealing temperatures for set 1, set 2, and set 3 of the primers were 50, 56, and 48°C, respectively. Because B. thuringiensis strains usually contain more than one cry gene and different amplicons showed similar sizes, each amplification product was cloned in pCR2.1 Topo (Invitrogen), following the manufacturer's instructions, followed by restriction analysis of the clones, using EcoRI, EcoRV, HindIII, BamHI, and AluI (Invitrogen), following the manufacturer's instructions, to identify different sequences. The cloned amplicons were sequenced by the Sanger technique, using a 3730 XL DNA analyzer (Applied Biosystems), at the DNA sequence facility of CINVESTAV, Irapuato, Mexico. Sequences were analyzed by using the NCBI BLASTn, NCBI BLASTp, and NCBI BLASTx programs (1; www.blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences showing 65% identity or less with known cry genes were selected for full sequencing of the gene.
Complete sequence of cry genes. Sequencing of putative new cry genes was accomplished by following two techniques: thermal asymmetric interlaced PCR (TAIL-PCR) (15) and a technique that uses the GenomeWalker universal kit (Clontech). Also, one gene required the previously published N-terminal sequence of the protein (16) , so specific primers with the N-terminal sequence at the 5Ј end of the gene were designed. Once the complete sequence of each cry gene was obtained by either technique, the full gene sequence was amplified and cloned into pCR2.1 Topo. The cloned genes were sequenced again, by using the vector's universal and reverse primers, as well as three more primers designed from the internal sequence. Each gene was sequenced at least three times, and a consensus sequence was obtained. The coded amino acid sequence was analyzed by the NCBI BLASTn, NCBI BLASTp, and NCBI BLASTx programs (1; www.blast.ncbi.nlm.nih.gov/Blast.cgi), in order to identify the maximum hit for each sequence. All sequences were registered at GenBank and were submitted to the B. thuringiensis Toxin Nomenclature Committee (BTTNC; www.lifesci.sussex .ac.uk/home/Neil_Crickmore/Bt/), which assigned them official names.
MS analysis. Expression of new Cry proteins (those showing less than 45% identity with the known three-domain Cry proteins) was analyzed by matrixassisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) and, if required, by Micromass Q-TOF micro-MS. For this purpose, SDS-polyacrylamide gels were stained with Coomassie blue and the bands of interest were excised. Selected gel fragments were serially washed in water, then 50% (vol/vol) acetonitrile in water, then acetonitrile-100 mM ammonium bicarbonate (1:1), and finally, 100% acetonitrile. The proteins in the gel fragments were then reduced, carbamido methylated, and digested with trypsin; and the resulting peptides were extracted from the gel as described by Shevchenko et al. (22) . An aliquot of these peptides was analyzed by MALDI-TOF MS in an Ettan MALDI-TOF Pro instrument (General Electric). The mass lists obtained were compared with theoretical lists obtained from databases using the online program Mascot (Matrix Science). When this procedure did not lead to identification of the protein, the peptides were analyzed in a Micromass Q-TOF micromass spectrometer (Waters, Beverley, MA), where some of the peptides were sequenced from their collision-induced dissociation (CID) spectra, using the MassLynx (version 4.0) program provided with the equipment. The sequences obtained were compared with those in databases with the online program MSBlast (http://www.dove.emblheidelberg. de/Blast2/msblast.html) (23) .
Nucleotide sequence accession numbers. The nucleotide sequences of the seven complete new cry genes were submitted to GenBank, and the accession numbers are given in Table 3 .
RESULTS
In silico validation of the primer system. Once the four primers were designed to be used in a three-set system, each set was tested in silico using all the known cry gene sequences as virtual templates and the software Amplify (version 3.14). The first set of primers showed the potential to amplify 90% of the known three-domain cry genes, while the second set of primers was theoretically able to amplify 68% of these cry genes. The third set of primers was designed mostly to amplify the remaining cry genes, some of which are found in species other than B. thuringiensis (i.e., Paenibacillus and Clostridium spp.), and has the potential to amplify 46% of the cry genes. This means that some genes may be amplified by two or three sets of primers. The overlap between primer sets was higher between set 1 and set 2, and it was estimated that 60% of the known three-domain cry genes may be amplified by both sets. The overlaps between sets 1 and 3, sets 2 and 3, and sets 1, 2, and 3 indicated that an estimated 44%, 30%, and 30% of these genes may be amplified by the three sets, respectively. These theoretical results indicated that, after using set 1, the remaining 10% of these genes may be amplified by set 2 (8%) and set 3 (2%). Therefore, the three-pair system has the potential to amplify an accumulated 100% of the known three-domain cry genes (Table 1) . Strain selection. Selection of the 27 working strains was based on a combination of the most peculiar crystal morphologies and unusual banding in the SDS-polyacrylamide gels. Some strains showed crystals similar in shape to collapsed footballs, spheres, flat squares, or polyhedrons. Typical bipyramidal crystals associated with atypical inclusions were also detected. Table 2 describes the 27 selected strains, and Fig. 1  and 2 show both the crystal morphology and SDS-polyacrylamide gels for some of these strains, respectively (see below).
Sequence analysis of amplicons. Once the amplification conditions were established and tested on known and unknown strains, DNA from the 27 selected strains was subjected to 
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on September 9, 2017 by guest http://aem.asm.org/ amplification by using the three-set primer system described above. All the strains selected showed at least one amplification product ( Table 2) , obtained with either set 1 or set 2. None of the 27 selected strains showed any amplification product when primer set 3 was used. Because different comigrating amplicons in the agarose gel were detected by restriction analysis, the amplification products were cloned and different clones were identified by individual restriction analysis. The number of different amplicons detected in any one strain varied from one to three. The cloned amplicons were subjected to sequencing, and sequences were analyzed with BLAST programs to detect the known cry gene to which the gene of the selected strain was the most similar (highest hit) and the level of identity. All sequences were identified as some type of cry gene. A total of 66 sequences were analyzed, and the levels of identity with known cry genes ranged from 25 to 99%. As expected, cry1-type genes were the most frequently found among the 66 sequences analyzed, with a frequency of 59%, followed by the cry5-type genes, with a frequency of 14%. Interestingly, five sequences showed highest-hit identities of less than 45%, which indicated potential new cry types, and four sequences showed identities of between 45 and 78%, which indicated potential new second-level (new letter)-type sequences. Actual identification and typing of putative new cry genes were performed when the complete gene sequences of seven of these genes were obtained. Table 2 shows the gene with the highest hit for each amplicon and its level of identity.
Sequence analysis and characterization of complete cry genes. Once techniques such as TAIL-PCR and Genome
Walker were used on the seven putatively new cry genes, their complete gene sequences were obtained. These are registered in the GenBank database, and basic information for the seven sequenced cry genes is shown in Table 3 . All seven genes received an official name from the BTTNC (http://www.lifesci .sussex.ac.uk/home/Neil_Crickmore/Bt/), and the set of seven genes included three new cry gene types (cry57Aa1, cry58Aa1, and cry59Aa1). Interestingly, further sequencing of 571 nucleotides, located downstream of the stop codon, showed that the sequence had more similarity with that of the 3Ј half of the cry21Ba gene. The amino acid sequence of Cry58Aa1, visualized in SDS-polyacrylamide gels (Fig. 2) , was corroborated by mass spectrometry. The crystal associated with this protein was a flat square inclusion attached to the spore (Fig. 1) , whose characterization has been reported previously (16) .
(ii) Cry57Aa1. Cry57Aa1 is another new cry gene type whose sequence is also considered to constitute a naturally truncated protein, as it contains only 609 amino acids, as visualized by SDS-PAGE analysis (Fig. 2) and corroborated by mass spectrometry. The crystal associated with Cry57Aa1 looked like a small collapsed balloon by scanning electron microscopy (SEM) (Fig. 1) .
(iii) Cry59Aa1 protein. The third new cry gene type reported here, Cry59Aa1, shows a sequence with a stop codon in the middle which separates two consecutive open reading frames (ORFs). ORF1 is translated into a 665-amino-acid protein (the Cry59Aa1 protein), as detected by SDS-PAGE analysis (Fig. 2) and corroborated by mass spectrometry, which constitutes a naturally truncated protein. ORF2 generates a 584-amino-acid protein (detected in the SDS-polyacrylamide gels and corroborated by mass spectrometry) whose sequence is 80% similar to the corresponding ORF2 from the cry39 and cry40 genes. The crystal associated with Cry59Aa1 looked like a large collapsed balloon (Fig. 1). (iv) Cry8Ka2. The Cry8Ka2 sequence translates into a 1,173amino-acid protein, easily detected in the SDS-polyacrylamide gel (data not shown) and corroborated by mass spectrometry. This sequence constitutes a so-called complete toxin. The BTTNC assigned the second 8Ka registration to this sequence, even though the first registered sequence is not available; therefore, this becomes the first report of such a group. Cry8Ka2 is associated with a small polyhedron-like crystal.
(v) Cry8-like sequence. The Cry8-like sequence contains 12 stop codons along its sequence, which may be the reason why no protein was detected in the SDS-polyacrylamide gel. This is also the reason why the BTTNC did not assign a specific name to this toxin. Regardless of whether it is actually expressed or not, the LBIT-824 strain contains small sphere-like crystals which may be formed by other Cry proteins in the strain ( Table 2) .
(vi) Cry20Ba1. Although the Cry20Ba1 sequence should encode a 765-amino-acid protein, which corresponds to a naturally truncated toxin, detection of such a band in the SDSpolyacrylamide gel was not achieved. Interestingly, the downstream sequence, after the stop codon, was identified as a transposase previously described for the B. cereus group (2) . Strain LIBT-976 shows a crystal with a collapsed balloon shape, which may be the result of the expression of other cry genes present in this strain ( Table 2) .
(vii) Cry1Ma. The Cry1Ma sequence should be considered to constitute that of a naturally truncated toxin. However, SDS-PAGE and mass spectrometry analyses were unable to identify this protein, mostly because other cry1 genes and probably one cry2 gene were present in the LBIT-1189 strain ( Table  2) . Interestingly, Cry1Ma is related at a 69% identity level to the Cry1Ia toxin, which was, until now, the only naturally truncated Cry1-type protein. Strain LIBT-1189 showed a typical bipyramidal crystal.
DISCUSSION
This report describes the design of a novel primer system putatively able to identify any of the known three-domain cry genes of B. thuringiensis and proved its ability to recognize three new cry gene types. The design of this system was based on the five conserved regions originally located by Höfte and Whiteley (11) . Four degenerate primers, used in three sets, were required, due to variation in these conserved regions. It is important to note that, for some reason, some cry genes are included in this family (cry6, cry15, cry22, cry23, cry33, cry34, cry35, cry36, cry37, cry38 , cry45, and cry46), even though they lack a phylogenetic relationship with the rest of the cry genes and show none of the five conserved regions; therefore, their products lack the typical three domains shown by delta-endotoxins (9, 10, 21) . Genes encoding these delta-endotoxins are not expected to be amplified by any of the three sets of primers designed here.
The same approach to the design of universal primers to amplify cry genes has been reported before (6, 13, 26, 28) ; however, most of the approaches are limited to amplification of specific groups, or experimental evidence to prove their universality by finding totally new groups within the cry family is lacking.
Our approach started by designing a quasiuniversal pair of primers. Theoretically, set 1, which amplifies the sequence from block 1 to block 5, is able to identify 90% of the threedomain cry genes. This is the reason why it was so successful at identifying most of the cry genes from the 27 selected strains and six out of the seven genes reported here. Set 2 was mostly designed to amplify genes within the groups cry5, cry8, cry10, cry12, cry13, cry14, cry21, cry40, and cry44. Theoretically, this set is able to amplify 8% of the three-domain cry genes that set 1 is unable to do, which adds up to a total of 98% of these genes if only these two sets were used. By using set 2, we were able to amplify the new cry58Aa1 gene, in addition to the cry5, cry21, and cry8-like genes. Set 3 was mostly designed to amplify genes within the cry16 and cry18 groups. This set is able to amplify in silico the remaining 2% of the three-domain cry genes that sets 1 and 2 were unable to amplify, which adds up to amplification of a total of 100% of these genes when all three sets were used. Perhaps due to this specificity, no amplification was detected for any of the 27 selected strains when set 3 was used. Because of these results, set 3 may be excluded in future screening programs. Still, this primer system demonstrated its ability to amplify both known and unknown cry genes, which proves its potential to be used in other cry gene screening programs.
Previous strategies have been designed to identify new cry genes and have been based either on the construction of DNA libraries, on gene hybridization, or on PCR-based methods. The first two strategies have proven to be timeconsuming, and previous sequence information is sometimes required. Besides, their use for the screening of great numbers of strains is impractical (12, 24) . PCR-based strategies are, in general, simpler, faster, and more efficient; however, their efficiency at recognizing all (or at least most of) the cry genes, including unknown cry genes, depends on how universal the primers to be used are (13) .
Techniques such as PCR-restriction fragment length polymorphism analysis and exclusive PCR (E-PCR) are based on the use of universal primers, although most of these primers are designed to recognize specific groups (i.e., cry1 genes), or at best, they recognize a few related groups (i.e., cry1, cry8, and cry9 genes) (13, 26) . Interestingly, both techniques may enhance the ability to identify known cry genes, if our proposed primer system is used. Strategies specifically designed to identify unknown cry genes have been based either on the hybridization of a mixture of cry genes (5) or on the use of nested PCR with universal primers (6) . The first strategy is timeconsuming and requires the use of radioactivity, and its universality has not been tested. In the second strategy, the universal primers were designed from the sequence of only nine cry genes, its universality has not been tested in silico, and no new cry genes were reported.
The system reported here was able to evaluate 27 strains showing atypical crystals in a fast, easy, and efficient way. A total of 66 cry sequences were amplified from the 27 strains; and 7 cry genes were completely sequenced, because of their novelty, and 3 of them became new cry gene types. These results prove the efficiency of this system to recognize both known and unknown cry genes. Indeed, the high proportion of novel sequences (21% of amplicons showed less than 78% identity with the known cry sequences) must be related to the previous strain selection, which was focused on those strains harboring parasporal crystals with atypical morphology, that is, morphologies diverging from the typical bipyramidal, cuboidal, flat square, or semispherical crystals, shown by well-known strains active against lepidopteran, coleopteran, or dipteran insects (11) . Still, it is important to note that studies are required to associate the atypical crystals observed in the selected strains with the sequences reported here, except for the crystal from strain LBIT-113 (16) . On the other hand, as an extension of this approach, the search for new cry genes in future work may be focused on species of bacilli other than B. thuringiensis, as previous findings of cry genes in Paenibacillus, Clostridium, and B. sphaericus support this idea (4, 12, 29) . This would be an important challenge for the primer system reported here. Additionally, this primer system may be used as a complementary tool to characterize B. thuringiensis strains according to their cry gene content.
